Abstract-This paper proposes an optimized design of dual active bridge (DAB) converter for low voltage charger. Among various bi-directional DC/DC converters, DAB converter is a high efficiency buck and boost bi-directional DC-DC converter isolated by a high frequency transformer. Battery voltage varies according to the charging status of the battery and the parameters of the DC/DC converter are the same regardless of the battery voltage. When the battery voltage is high, the soft switching (ZVS) region is reduced compared to the low battery voltage. In this paper, variable switching frequency is adopted in order to maximize soft-switching (ZVS) region at the high battery voltage. The same power can be obtained at the same duty regardless of the battery voltage using the variable switching frequency. The proposed method is applied to a 5kW prototype dual active bridge converter, and the experimental results are analyzed and verified.
I. INTRODUCTION
Recently, the demand of the electric power supply systems in the electronics industries and telecommunication fields has been increased. In general, these electric power supply systems have a lot of requirements such as efficiency, size, and cost. In addition, reliability is also an important element of the electric power supply systems. Especially, the power systems used in hospitals, internet data centers, and militaries are needed for extremely high power quality and high system reliability. If a power failure occurs on these systems, it will bring a serious loss to the overall systems. In order to avoid power supply interruptions, these power systems require uninterrupted power supply (UPS). The UPS system is an electrical apparatus that provides emergency power to a load when the input power source fails. The power disruption may cause injuries, fatalities, serious business disruption or data loss. The UPS system is typically used to protect electrical hardware from an expected power disruption. It can provide high quality power without transmission interruption to the load even if the voltage source has voltage sags or power outage. In UPS system shown in Fig. 1 , when the AC source supplies the load, the battery is charged by the AC/DC rectifier and bi-directional DC/DC converter. If the AC source failure occurs, the charged battery supplies power to the load through bi-directional DC/DC converter, DC/AC inverter without any problem. In order to charge and discharge the battery, the bidirectional DC/DC converter is necessary in UPS system. The isolated low voltage battery charger requires wide input and output voltage, high efficiency, the whole load range operation and simple circuit topology, and so on. Various bidirectional isolated dc-dc converters have been proposed as an interface of energy storage devices with focus on the battery charger.
A boost full-bridge zero-voltage switching (ZVS) PWM DC/DC converter was developed for bi-directional high power applications. This topology is suitable for the bi-directional power conversion, because it has a boost operation for low to high voltage conversion and a buck operation for high to low voltage conversion. However, it needs extra snubber circuits in order to restrain the voltage stress of the switches which increase circuit complexity and decreases power conversion efficiency [1] [2] . A bi-directional phase-shift full-bridge converter was suggested to obtain the high frequency galvanic isolation for energy storage systems [3] [4] . This converter improves power conversion efficiency using a soft-switching feature. However, it requires input voltage variations to regulate constants output voltage because this topology can only achieve the step-down operation. A bi-directional fullbridge CLLC resonant converter was introduced without any snubber circuits. This topology can operate under soft-
switching conditions of primary side switches and secondary side rectifier. In addition, the topology confines the input and output voltage stresses without any clamp circuits [5] . However, a wide range voltage control is difficult to achieve due to the resonant characteristics. In addition, the high voltage gain at light loads is also difficult to control.
A dual active bridge (DAB) converter has been popular, because it operates with high performance, high efficiency, galvanic isolation, and an inherent soft-switching feature [6] . The bi-directional power transmission is a characteristic of the dual active bridge converter, permitting flexible interfacing to energy storage devices [7] [8] . Considering its various advantages, the DAB converter is suitable for bi-directional DC/DC converters as low-voltage battery chargers. However, even though the DAB converter has an inherent soft-switching characteristic, it is limited to a decreased operating range depending on the voltage conversion ratio and output current. When the DAB converter is applied to a UPS system, the DAB converter has a problem regarding the ZVS region. In a UPS system, if the DAB converter charges or discharges the battery, the battery voltage is changed. In the general design, in order to achieve the same power, the required duty at high battery voltage is smaller than the duty at low battery voltage. When the needed duty is smaller, the ZVS region is reduced. In addition, at the low battery voltage, the peak current of leakage inductor and the rms current are increased. The power conversion efficiency is decreased.
In this paper, in order to overcome this vulnerability, the leakage inductance is designed to use through wide duty. For this reason, the ZVS region has been expanded at high battery voltage. In addition, when the battery voltage is changed, the switching frequency is varying depending on the battery voltage. Regardless of the battery voltage, the fixed duty is used at the same load. An experiment was performed to verify the performance of the proposed methods using a 5kW prototype dual active bridge converter.
II. BI-DIRECTIONAL DUAL ACTIVE BRIDGE CONVERTER
Among various bidirectional DC-DC converters, the DAB converter shows high power conversion efficiency under buck and boost operations; therefore, it is useful to the applications of power delivery for batteries. The DAB converter is designed for bidirectional power flow control and galvanic isolation of battery management using charging and discharging operations. As shown in Fig. 2 , the DAB converter consists of two fullbridge circuits, which are combined by an isolated transformer and a leakage inductor L. The full bridge on the left side is connected to the DC-bus, and the full bridge on the right side is joined to the battery. Using the phase shift control mechanism of the primary and secondary switch legs, the output voltage of the converter can be regulated. Fig. 3 shows operational waveforms in the buck and boost modes of the converter. The phase shifted duration of the switches determines the amount of power transferred from the primary side to the secondary side. The design procedure of a prototype DAB converter is based on basic operational principles, soft switching mechanism, and control algorithm for charging and discharging the battery. In order to operate at ZVS condition, the coupling inductor has to store energy to ensure charging or discharging of the output capacitances of the switches at the switching instant. Because the resonance occurs between the output capacitor and the coupling inductor when the switches turn-off. The body
diode conducts at the turn-on of the switches. And the current flowing to the switches is positive at the turn-off of the switches. By applying the ZVS conditions to the inductor current waveforms as shown in Fig. 3 , the current of the battery side at switching instant must be greater than zero to achieve ZVS in the battery side bridge. Therefore, the following condition must be satisfied for ZVS operation in the battery side:
When the output capacitance of switches is considered, it requires more energy to be stored in the coupling inductor to achieve soft-switching. An expression for the minimum inductor current can be obtained as follows [10] [11] [12] :
From (2), the ZVS condition can be determined as shown in (3):
Solving for (3), the duty ratio for ZVS operation at V battery /nV DC-bus < 1 is given as follows:
III. THE PORPOSED METHODOLOGY
The battery voltage is varying while the battery is charged and discharged. The maximum voltage of battery is V battery.max , and V battery.min is the minimum voltage of battery. The dual active bridge converter has the limited soft-switching feature at secondary side. In (3), the ZVS region of the secondary side switches is related by transformer turn ratio, input voltage, output voltage, inductance, switching frequency, and output capacitance. The ZVS region can be confirmed according to the battery voltage as shown in Fig. 4 .
If the battery voltage is V battery.max , the largest ZVS region can be obtained. The ZVS region is decreased by decreasing battery voltage. In order to use the maximum region of ZVS, it is designed to operate at the maximum load and the maximum duty. In this paper, considering overload and transient response, the maximum duty is designed with 0.4. The DAB converter is designed with V battery.max . In order to obtain the maximum ZVS region, the maximum duty is designed with 0.4 at the maximum load. But, from (5):
When the battery voltage decreases V battery.min , it cannot be operated in the maximum load due to the insufficiency of gain in Fig. 5 (a) . Therefore, the DAB converter is designed with V battery.min , because it operates smoothly in full load when the battery voltage is variable from V battery.min to V battery.max . In order to obtain the maximum ZVS region, the maximum duty is also designed with 0.4 at the maximum load. From (5), in order to achieve the same power in V battery.max , the required duty is smaller than the duty in V battery.min . It is indicated in Fig. 5 (b 
From (6), it can be seen that required d 1 . The maximum duty is designed at the maximum load in V battery.min (20V). At V battery.min (28V), the minimum duty is required at the maximum load. Because the used duty is reduced, the ZVS region is decreased from (4).
In this paper, in order to obtain the gain at the full load, the DAB converter is optimally designed with V battery.min . In addition, the method of a variable switching frequency is proposed according to the battery voltage. When the battery voltage is V battery.min , the frequency is f s.max . The frequency is f s.min at V battery.min . From (5), depending on the battery voltage, the f s.max for obtaining the same power can be derived:
From (7), when the battery voltage decreases from V battery.max to V battery.min , Fig. 6 indicates the frequency for obtaining the same power and step by step method was applied to vary the switching frequency in this paper. From (5), depending on battery voltage, the frequency of the DAB converter is varying for the same power. The same power can be obtained at the same duty regardless of the battery voltage as shown in Fig. 7 . The design at the fixed frequency requires the less duty and the design at the applied variable frequency requires the maximum duty at the maximum load and high battery voltage. From (4) and (5), the ZVS region at applied variable frequency is increased 5% wider than the ZVS region at fixed frequency. It can be found through the Fig. 8 .
The phase shift control of the DAB converter is adopted to convert the high voltage of DC-bus to the low voltage of battery, or the low voltage of battery to the high voltage of DCbus. Its control loop is indicated in Fig. 9 . This phase shift determines the power transfer between the high voltage of DCbus and the low voltage of battery [13] . In buck mode, it constantly controls the voltage of battery with limited current. The voltage of DC-bus is controlled as constant voltage in boost mode. In addition, the algorithm of the variable switching frequency is added by disturbance. 
IV. EXPERIMENTAL RESULTS
A prototype of the dual active bridge converter is used for the experiment. It is shown in Fig. 11 . The primary side of DAB converter is connected to the DC-bus in UPS system and secondary side is connected to the battery. Table I is design specification of dual active bridge converter.
When the phase of V cd square-wave is shifted by the V ab square-wave, the DAB converter operates in buck mode as shown in shown Fig. 12 . The experimental results verify that the voltage of battery is controlled 28V by limiting 100A in 2.8kW. In Fig. 13 , DAB converter operates at 50kHz fixed switching frequency in Boost mode. I L is the inductor current of the transformer primary side. The voltage across coupling inductor is -nV dc-bus +V battery or nV dc-bus -V battery as shown in Fig.  13 . Here, 20V is the minimum of the battery voltage. Thus, the voltage across coupling inductor is high. The slope of inductor current is steep during the interval that the power is transferred. In Fig. 15 , the DAB converter operates at 5kW load at applied variable switching frequency. The switching frequency is 70kHz at 28V battery voltage. In order to achieve the same power, the same duty is required as the battery voltage of 20V as shown in Fig 13. The required duty is 0.4 at the maximum power of 5kW. Similar to the analysis, the experimental results is verified that the same power is obtained at the same duty regardless of the battery voltage using the variable switching frequency.
V. CONCLUSIONS
In this paper, the low voltage battery charger is discussed to verify the performance of the dual active bridge converter in UPS system. The DAB converter operates buck mode or boost mode. In buck mode, the voltage of battery is controlled 28V by limiting 100A. In boost mode, the voltage of DC-bus is controlled 380V. In general, the required duty is smaller than the duty at 20V in order to achieve the same power at 28V. When the needed duty is smaller, the ZVS region is reduced. In this paper the switching frequency is varying depending on the battery voltage in order to ensure maximum ZVS region. The variable switching frequency is added by disturbance. Regardless of the battery voltage, the same duty is used at the same load. The ZVS region is maximized by varying switching frequency. It is presented to improve the performance and expand ZVS region.
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